Embryoid Bodies (EBs) are large (> 100 µm) 3D microtissues composed of stem cells, differentiating cells and extracellular matrix (ECM) proteins that roughly recapitulate early embryonic development. EBs are widely used as in vitro model systems to study stem cell differentiation and the complex physical and chemical interactions contributing to tissue development. Though much has been learned about differentiation from EBs, the practical and technical difficulties of effectively probing and properly analyzing these 3D microtissues has limited their utility and further application. We describe advancement of a technology platform 
render them attractive for studying tissue development or the pathogenesis of disease progression as well as for drug testing and cellular therapies. Effective control of stem cell state largely dictates the utility of pluripotent stem cells for research and clinical application. Thus, significant research effort has been dedicated to delineating mechanisms that either maintain pluripotency 4 or drive differentiation 5 . The embryoid body (EB), an aggregate of pluripotent stem cells that roughly recapitulates the complex assembly of cell-cell and cell-matrix adhesions and corresponding intercellular signaling of embryogenesis, is commonly utilized to drive differentiation in vitro. Although more defined methods have been developed to direct differentiation of individual cell types, such as two-dimensional formats (i.e., monolayer culture) with defined soluble (e.g., growth factors, recombinant DNA encoding essential transcription factors) and/or defined insoluble substrates (e.g., extracellular matrix proteins), the EB remains an invaluable in vitro model to study the complex signaling interplay that impacts the state of a stem cell or stem cell progeny with 1) development, 2) extended ex vivo culture or 3) following transplantation to a native tissue.
The primary challenge of studying cells of the EB is their propensity to change state after common research manipulations such as the addition of exogenous labels (e.g., antibody staining) 6 and disaggregation [7] [8] . Therefore, to probe interior cells of the EB, investigators were previously limited to terminal, low throughput cell and molecular biology techniques including aggregates, such as EBs. This was an important advance as large numbers of EBs can be quickly assessed, improving study power as well as the ability to distinguish important biological events from noise without relying on expensive arrays or time-consuming serial imaging.
Analysis of EBs would be further improved if the EBs could be purified based on characteristics that precede and/or predict a differentiation state of interest without disrupting EB organization.
One relevant application pertains to the differentiation of cardiac cell types for the recovery of lost myocardial function. This application dictates a need for identifying and examining cellular aggregates with enhanced cardiac potential to understand the environment, signals and corresponding mechanisms that contribute to cardiac differentiation. For example, it has been shown that EB size can influence the proportion of cells that enter the cardiac lineage [14] [15] , thus identifying and segregating EBs on size soon after EB formation could provide a population of EBs with increased cardiac potential. Similarly, the presence of cardiac progenitor pools has been linked to the generation of mature cardiac cell types and not unwanted cell types in vivo 16 .
Unknown, however, are the conditions that contribute to behaviors of these cardiac precursors, including proliferation, migration and differentiation into individual cardiac cell types. Thus, the ability to purify EBs based on characteristics early in development (i.e., size or presence of cardiac precursors) associated with generation of a particular cell type while maintaining aggregate viability and structure would provide an important tool for subsequent studies of differentiation.
Here we demonstrate the ability to purify intact murine iPS-derived EBs based on size or intensity of a fluorescent reporter corresponding to expression of NKX2-5, an early cardiac transcription factor 16 . Purified EBs were monitored over several days to determine whether developmental outcome, namely the generation of mature cardiomyocytes, corresponded to size or reporter expression. To enable this study, we enhanced the detection software of our previously described MPFC system 17 to permit sorting of EBs based on real-time measurements of size and spatially segregated fluorescence. As a result, we show that purified populations of EBs with high NKX2-5 expression at early time points in differentiation are more prone to form beating areas at later time points. Furthermore, the largest EBs within a broad size distribution have the highest potential for forming beating areas and producing the highest percentage of cardiomyocytes per EB. 
Results

Utilization
Purification of EBs based on size
To determine whether the bright field segmentation algorithm coupled to the MPFC could effectively detect and sort EBs based on calculated size, EBs were sorted into three different size ranges (Figure 2A ). To this end, hanging drops were seeded at 200, 400, and 500 cells per drop, to obtain a relatively wide size distribution of EBs. EBs of different cell number were combined into a single population and the size distribution determined in a pre-sort analysis trial ( Figure 2B ). Consecutive sorting of a given population of EBs was performed to obtain small, medium and large EB fractions ( Figure 2C ). First, a threshold of 330 µm was set, separating
EBs greater than 330 µm into the sorting outlet port and allowing EBs less than 330 µm to flow into the main outlet port. EBs collected in the main outlet port were further sorted such that EBs greater than 250 µm (and necessarily less than 330 µm) were diverted to the sorting outlet port.
Sorting efficiency was defined as the number of EBs physically collected from the sorting port relative to the number of positive events detected in flow by the software. The enrichment ratio was defined as the ratio of the number of desired EBs to undesired EBs in the sorting output port divided by the same ratio at the sample input port 19 . Sorting efficiency of EBs greater than EBs sorted at early timepoints according to size or NKX2-5 expression show a higher propensity to develop mature cardiomyocytes EB size can dictate yield of differentiated cardiomyocytes [21] [22] [23] demonstrated by studies attempting to control initial EB size with cell culture constraints. Another approach to control size of microtissue populations is to sort them after formation using mechanical barriers to microfluidic channels of prescribed dimension 24 . The primary limitation of these methodologies is the need to adjust physical dimensions of the culture vessels or sorting device to obtain a final population of EBs within specific size ranges tailored to a user-specific application. Here we have shown that the modified MPFC is capable of sorting EBs in the range of 100 -400 µm with high efficiency. To determine whether the size of EBs sorted in our system impact their ability to produce cardiomyocytes, we isolated three distinct size ranges (small, 250 µm in diameter or less; medium, 250-330 µm; large, 330 µm or more) using the MPFC system ( Sorted EBs had higher expression levels of cTnT compared to the unsorted population (1.00 + 0.34 and 0.85 + 0.17 a.i.u., respectively), though these values were not significantly different.
Thus, sorting EBs with our enhanced MPFC system at an early time point in EB development based on cardiac precursor gene expression can be used to predictively enrich for EBs with a higher propensity to form beating areas indicative of cardiac differentiation.
The MPFC is also capable of two-parameter sorting and so we tested whether 
Discussion
Here, we take advantage of real-time image processing tools incorporated into the MPFC to sort EBs based on size as well as non-contiguous fluorescence intensity, corresponding to expression of cardiac-related transcription factor, NKX2-5, and preserve sorted populations for long term analysis of differentiated cell function. This is the first reported application of real-time image segmentation to trigger sorting in a microfluidic device for large (>100 µm) cellular particles. Although the images in this study were acquired using a mulitphoton laser scanning microscopy system, the size-sorting approach could be utilized with any imaging modality capable of producing a bright field image of large particles or capable of simultaneously collecting bright field and fluorescence images (e.g., confocal microscopy 25 ). Our motivation for developing the MPFC system was driven by a desire to understand the factors that stimulate cardiomyocyte differentiation. However, the approach could be tailored to study many cell types and associated behaviors in aggregates or microtissues. Thus, we describe an accessible and versatile system that can help transform the way that adherent cell types are studied in the context of three-dimensional microenvironments.
EB size is known to influence the type and amount of differentiated cells present in the EB over This device is inexpensive and accessible to many labs but is limited by the physical dimensions of the device such that multiple devices would be needed depending on the cell aggregate size and range of interest. Our MPFC system can handle a large range of EB sizes, the upper limit of which is dictated by the size of the channel. For the device described here, the height is 1000 µm and represents the smallest dimension of the flow cell cross-section. Thus, this device can accommodate EBs of approximately 50 µm up to 500 µm in diameter (approximately half the height of the flow cells 17 ). In addition, the MPFC can discriminate differences as low as the error corresponding to real-time size measurement (4.0% + 4.6% of the manually measured diameter; e.g. 26 µm for a 300µm particle). We show that differences in EB size at three days The MPFC technology described here has advantages for sorting EBs based on size or reporter elements over previously described systems 24, 26 , including our first generation MPFC device 13, 17 . Our first generation device was accessible to laboratories with access to microfabrication capabilities and imaging systems with real time data acquisition capabilities. It was unique in that it allowed for sheathless particle focusing with minimal damage to the large particle as a Coincidence increases with particle-particle interactions. We attempt to limit particleparticle interactions by separating them with inertial lift forces imposed by the asymmetric curving channels 27 present in the microfluidic device. However, coincidence does still occur and changes as a consequence of differences in particle velocity. 
Additional factors that may increase
MPFC Operation
EBs were imaged on the MPFC with optical configuration similar to that previously reported 13, 17 .
Briefly, simultaneous bright field and intensity images were taken with a Plan Apo VC 10X air were set such that less than 5% of pixels were saturated and background noise was kept to a minimum. Bright field and intensity images were collected using in-house developed software (WiscScan). Fluorescence and size measurements of EBs were made using ImageJ software.
For analysis, background levels were identified such that less than 10% of pixels on a background image (i.e., containing no EBs) were saturated for all conditions.
Assessment for Cardiomyocyte Function and Immunofluorescence Staining
Imaged EBs were placed in an incubator overnight and analyzed for attachment on the following 
Flow Cytometry Applications of WiscScan Software
All real-time particle analysis was carried out by the WiscScan acquisition software. WiscScan integrates ImageJ 18 , an open source, Java-based image processing program, for all image calculations. Two primary image-processing functions were implemented on particles in flow, namely size and fluorescence intensity per unit area. A results table is displayed during an acquisition trial recording the optical imaging plane in which a particle is detected, the corresponding particle area (size), number of intensity pixels above background, the mean intensity of pixels above background (intensity), and the total intensity divided by particle area (intensity per unit area). The user can then define parameters on which to sort, by checking the corresponding box in WiscScan.
To begin acquisition, the background intensity applied to unmodified images, as well as the minimum particle size to be detected must be defined. This ensures that debris will not be detected or be sorted as a false positive event. Before performing a sorting trial, a pre-sort analysis trial is executed with a representative sample population, to acquire distributions of sample size, and intensity per unit area. From the acquired results table, the user can decide which of the parameters to sort based on, as well as the lower and upper bounds of that parameter to isolate a population of interest.
Timing
Sorting trials are performed in real-time, and so program timing becomes a critical factor to obtain high sorting efficiency. 
